INTRODUCTION
============

The effects of the gut microbiota on the immune system, brain development and behavior have attracted attention in recent years. Over 90% of the more than 4,000 articles on microbiota were published in PubMed in the last 5 years.[@b1-cpn-13-239] Presumably, microorganisms living in the intestine are in contact with the gut epithelial and immune system cells, and through this contact are involved in the development of many neuropsychiatric and metabolic disorders, particularly autoimmune diseases. Clinical observations and animal trials have revealed much evidence of a strong link between the gut and the brain, which is established during the intrauterine period and the influence of which continues throughout the life of an individual.[@b2-cpn-13-239]

The term microbiome refers to all microorganisms and their genetic material living in the body, and the term microbiota refers to populations of microorganisms present in the body's various ecosystems (for example, the gut microbiota and skin microbiota).[@b1-cpn-13-239] There are 10^14^ microorganisms in the gut, which is 10-fold greater than the number of human cells. These microorganisms also contain 150-fold more genes than the human genome.[@b3-cpn-13-239],[@b4-cpn-13-239]

Similar to the Human Genome Project, another study, the Human Microbiome Project (HMP), is being conducted.[@b5-cpn-13-239] The aim of this project is to understand the diversity of the microbiome and microbiotas in various anatomical regions and determine the roles of microorganisms in health and disease. HMP is supported by the National Institutes of Health (NIH); in 2014, more than one million US dollars (USD) in resources was transferred to the project.[@b6-cpn-13-239]

Improvements in modern life such as antimicrobial treatments, vaccinations, intensive use of disinfecting and cleaning products and dietary changes exert a deep and lasting impact on the microbiome.[@b7-cpn-13-239] Changes in the gut microbiota may cause *Clostridium difficile* infection,[@b8-cpn-13-239] irritable bowel syndrome (IBS),[@b9-cpn-13-239] pathogen colonization (e.g., vancomycin-resistant *Enterococcus*),[@b10-cpn-13-239] autoimmune and allergic diseases,[@b11-cpn-13-239] obesity and metabolic disorders,[@b12-cpn-13-239] and neuropsychiatric disorders such as autism.[@b13-cpn-13-239]

In this review we explain the pathophysiological mechanisms of the gut-brain axis, show the possible impact of the gut microbiota on depression, and inform clinicians of the latest scientific developments in this field.

MAIN SUBJECTS
=============

Hygiene, Immunity, and the Gut Microbiota
-----------------------------------------

The hygiene hypothesis originated in 1989. According to this hypothesis, the reduced contact with microorganisms, especially during childhood, lifestyles away from nature and settlement mainly in large cities have resulted in an increased prevalence of allergic diseases.[@b14-cpn-13-239] Rook *et al.*[@b15-cpn-13-239] extended slightly this proposal and initiated the "old friends" hypothesis. According to this hypothesis, *Homo sapiens* have been evolving and interacting for thousands of years with friendly microorganisms in the body. Specifically, metabolites and nucleic acids produced by living microorganisms in the gut are transported into the human systemic circulation and lead to activation of inactive genes through epigenetic mechanisms, which can benefit health, lead to the development of various diseases and evolution.[@b16-cpn-13-239],[@b17-cpn-13-239] (According to old friends hypothesis, *Homo sapiens* have been evolving and interacting for thousands of years with friendly microorganisms in the body.)

Effects of growing up in a more hygienic environment and changes in diet are mainly observed in developed countries, where the incidence of allergic diseases and autism is increasing.[@b13-cpn-13-239] The hygiene or "old friends" hypothesis may explain this phenomenon.

Various bacterial families--such as firmicutes, bacteroidetes, actinobacteria and proteobacteria--reside in the human intestine.[@b1-cpn-13-239] The human gut microbiota contains more than 1,000 species and over 7,000 subspecies.[@b4-cpn-13-239] Gut bacteria are able to produce active metabolites for human organ systems. For example; *Lactobacillus* and *Bifidobacterium* synthesize gamma-aminobutyric acid (GABA) from monosodium glutamate.[@b18-cpn-13-239] *Escherichia coli*, *Bacillus* and *Saccharomyces* produce norepinefrin; *Candida*, *Streptococcus*, *Escherichia* and *Enterococcus* produce serotonin, and *Bacillus* and *Serratia* produce dopamine.[@b19-cpn-13-239] When rats were given *Bifidobacterium infantis* orally, increased plasma tryptophan levels were observed.[@b20-cpn-13-239] *Lactobacillus acidophilus* increases the expression of cannabinoid receptors in the brainstem.[@b21-cpn-13-239] Conversely, germ-free (GF) rats had high plasma serotonin levels.[@b22-cpn-13-239]

The diversity of the gut microbiota can change under the influence of drugs, diet and stress. After 21 days of olanzapine administration in rodents, decreased proteobacteria and actinobacteria levels and increased firmicutes levels were observed.[@b23-cpn-13-239] Postnatal stress caused by the separation of rhesus monkeys from their mother changed the microbiota and decreased the *Bifidobacterium* and *Lactobacillus* levels.[@b24-cpn-13-239] Rats separated from their mother showed decreased fecal *Lactobacillus* levels on the third day; this effect was maintained for an extended period of time.[@b25-cpn-13-239]

The gut microbiota has been shown to play a critical role in innate and acquired immunity.[@b12-cpn-13-239],[@b26-cpn-13-239] According to an article published in *Science*, microbiota diversity that develops during the perinatal period can have a lifelong effect on natural killer T lymphocytes.[@b27-cpn-13-239] Interaction between the microbiota and the gut mucosa regulates the production of several proinflammatory cytokines and chemokines, such as interleukin (IL)-8 and IL-1, IL-10 and transforming growth factor *β* (TGF-*β*).[@b28-cpn-13-239]

Bacteria living in the gut interact with human cells.[@b29-cpn-13-239] This interaction occurs via one of the pattern recognition receptors (PRRs), namely the toll-like receptor (TLR).[@b30-cpn-13-239],[@b31-cpn-13-239] Ten TLRs have been identified in the immune system.[@b32-cpn-13-239] These receptors are the first step in cytokine production pathways and are widely expressed in neurons.[@b33-cpn-13-239],[@b34-cpn-13-239]

Inflammatory cytokines such as interferon-alpha are known to cause depression and are blocked by antidepressants.[@b35-cpn-13-239],[@b36-cpn-13-239] The adenosine triphosphate (ATP)-sensitive P2X7 receptor (P2X7R) plays an important role in microglial activation caused by inflammation. The P2X7R antagonist brilliant blue G has anti-inflammatory and antidepressant effects in mice.[@b37-cpn-13-239]

In addition to their effects on monoamines, antidepressants exert their effects by suppressing inflammation via the potent immunoregulatory cytokine IL-10.[@b38-cpn-13-239] Interestingly, probiotics also increase IL-10 levels.[@b39-cpn-13-239] When GF rats were given oral commensal bacteria, IL-10 synthesis and levels were increased.[@b40-cpn-13-239] Plasma IL-10 levels were increased in experimental animals when their offspring were given *Lactobacillus rhamnosus* GG.[@b41-cpn-13-239] During the development of the newborn, sudden changes occurring in the microbiota may have long-term consequences.[@b42-cpn-13-239]

The gut epithelium is the largest mucosal surface in the body. In healthy conditions, the tight junctions in the gut epithelium (occludin, adhesion molecule and zonula occludens) and mucus layer form a physical barrier to bacteria and foreign antigens.[@b2-cpn-13-239] Due to microdamage to the gut epithelium walls caused by changes in the microbiota and increased permeability of the gut epithelium, harmful substances produced by microorganisms enter the systemic circulation.[@b13-cpn-13-239] Bacterial proteins with neuroactive properties (p-cresol and 4-methylphenol) may enter the systemic circulation by disrupting the gut epithelial wall integrity.[@b13-cpn-13-239] Absorption into the circulation of pathogenic antigens can induce an immune response.[@b43-cpn-13-239] Studies with rodents showed that production of inflammatory cytokines increases with the impairment of gut permeability as bacterial lipopolysaccharides enter the systemic circulation and TLR4 and other TLRs are stimulated.[@b44-cpn-13-239]

The gut microbiota has relationships with systems other than immunity. Subepithelial dendritic cells, one of the basic cells of the gut immune system, extend their dendrites through epithelial cells into the gut lumen and collect bacteria and their metabolites in the lumen. These materials are carried in lipoprotein vesicles, exosomes, which contain proteins, nucleic acids, sugars and lipids. This content is transferred from dendritic cells to T cells in the lymph nodes. Exosomes enter in the systemic circulation via the lymphatic system and blood and can reach the brain by passing through the blood-brain barrier. This process causes changes in the electrical layout of neuronal membranes.[@b45-cpn-13-239]

Role of the Gut Microbiota in the Brain Functions
-------------------------------------------------

The gastrointestinal system (GIS) is the largest immune organ. GIS-related products may be neuropathogenic.[@b46-cpn-13-239] Potential mechanisms influencing the microbiota of the central nervous system include changes in microbial content, [@b22-cpn-13-239] immune stimulation, neural pathways (via the vagus nerve), tryptophan metabolism,[@b47-cpn-13-239] gut hormonal response, [@b48-cpn-13-239] and bacterial metabolites.[@b2-cpn-13-239] Carbohydrate fermentation results in the formation of short-chain fatty acids, which affect brain functions by entering the systemic circulation.[@b49-cpn-13-239]--[@b51-cpn-13-239] The vagus nerve forms a direct connection between the brain and stomach. Hormonal, neuronal and bacterial changes in the bowel are transmitted to the brain via the vagus nerve.[@b52-cpn-13-239]--[@b54-cpn-13-239] The gut microbiota affects brain development and plasticity by secreting various neurotrophins and proteins, such as brain-derived neurotrophic factor (BDNF), synaptophysin and postsynaptic density (PSD)-95.[@b55-cpn-13-239],[@b56-cpn-13-239]

The Role of the Microbiota in Depression
----------------------------------------

The relationship between the microbiota and anxiety/depression has been studied mainly using animal models. *Campylobacter jejuni* administered orally to rats in subclinical doses led to anxiety-like behavior without an immune response.[@b57-cpn-13-239] Experimentally elevated hypothalamic-pituitary-adrenal (HPA) axis response and depression in GF rats can be reversed by administering a single bacterium, *Bifidobacterium infantis*,[@b58-cpn-13-239] which is found predominantly in the neonatal intestinal tract, and probiotic drugs. This bacterium is defined as "psychobiotic" due to its antidepressant effects.[@b59-cpn-13-239]

In the study by Desbonnet *et al.*,[@b58-cpn-13-239] rat offspring separated from their mother were placed in two different groups and treated with *Bifidobacterium infantis* and citalopram (30 mg/kg in drinking water). Plasma cytokine levels, brain monoamine levels, central and peripheral HPA hormone levels were determined and depressive behaviors were measured using the forced swimming test. Separation from the mother caused a decrease in swimming in the forced swimming test and increased the immobility behavior, decreased norepinephrine levels in the brain, increased peripheral proinflammatory IL-6 secretion and corticotrophin-releasing factor mRNA levels in the amygdala. Probiotic therapy has led to a reversal of behavior problems and to the normalization of the immune response and norepinephrine levels in the brain. Based on these results, it was suggested that administration of *Bifidobacterium infantis* leads to relaxation in neural processes. In rats administered citalopram or bifidobacteria, no significant effects were observed on climbing behavior in the forced swimming test and no differences in corticosterone and cytokine concentrations were observed between the groups.[@b58-cpn-13-239]

Connections between the microbiota and anxiety-related behaviors in rats have been shown in many studies.[@b55-cpn-13-239],[@b60-cpn-13-239],[@b61-cpn-13-239] Rats administered *Lactobacillus helveticus* and *Bifidobacterium longum* for 14 days showed low scores in anxiety tests.[@b62-cpn-13-239] In the double-blind placebo-controlled and randomized parallel group study by the same researchers using healthy volunteers, subjects took *Lactobacillus helveticus* R0052 and *Bifidobacterium longum* or placebo for 30 days. Psychiatric parameters were evaluated using various tests (Hopkins symptom checklist, hospital anxiety and depression scale, the perceived stress scale and coping checklist). The results showed psychological stress levels and urinary free cortisol levels were decreased in subjects who took the probiotics regularly.[@b63-cpn-13-239]

In another experiment, rats given *Lactobacillus rhamnosus* for 28 days showed a decline in both anxiety and depression scores.[@b64-cpn-13-239] The most significant results were observed in the experiment where anxiety-like behavior obtained with high-fat diet was prevented by the administration of *Lactobacillus helveticus* for 21 days; when the experiment was duplicated using IL-10-deficient rats, no changes in anxiety were observed. These results showed the role of the immune system in the gut-brain axis.[@b65-cpn-13-239] Administration of *Lactobacillus farciminis* to rats reduced the HPA axis response to stress (plasma adrenocorticotropic hormone \[ACTH\], corticosteroid levels and corticotropin-releasing hormone \[CRH\] levels).[@b44-cpn-13-239]

In clinical trials, the *Bacteroides* family has been shown to be associated with depression.[@b66-cpn-13-239] Serum immunoglobulin (Ig)M and IgA antagonist lipopolysaccharide levels were increased.[@b38-cpn-13-239] In healthy individuals, milk fermented with probiotic bacteria showed a positive effect on the emotional centers. The study by Tillisch *et al.*[@b67-cpn-13-239] examined the relationship between probiotics and healthy brain functions using functional magnetic resonance imaging (fMRI). Berk *et al*.[@b68-cpn-13-239] reported that a chronic, low-level inflammatory condition is present in depression, which may be associated with gut permeability disorders. The microbiota has been suggested to be the key factor in the link between unhealthy diets and depression.[@b69-cpn-13-239]

Treatment Regulating the Gut Microbiota
---------------------------------------

Although the interest in the microbiota and probiotic treatments has increased in recent years, the first probiotic treatment for depression was implemented in 1910.[@b70-cpn-13-239] A prebiotic promotes the growth or survival of a particular gut microorganism; a probiotic is defined as oral or rectal administration of a particular microorganism.[@b1-cpn-13-239] In the United States, the annual market for nonprescription probiotics is estimated at one billion USD.[@b71-cpn-13-239]

Activated charcoal is used in the treatment of poisoning occurring after an overdose. Charcoal inhibits absorption from the intestine by binding to toxins. To reduce diarrhea, indigestion and bloating symptoms, tablets and capsules are used, which assists recovery of the GIS by binding to toxins secreted by the microbiota.[@b72-cpn-13-239]

Activated charcoal is used successfully in fecal microbiota transplantation (FMT) for *Clostridium difficile* infection, IBS and inflammatory bowel disease (ulcerative colitis and Crohn's disease).[@b8-cpn-13-239] Recently, studies on its efficacy in the treatment of cardiometabolic and autoimmune disorders have increased.[@b16-cpn-13-239],[@b73-cpn-13-239] Side-effects of probiotics and FMT are unlikely. The ideal approach is to restore the microbiota using probiotics without FMT.

CONCLUSION
==========

The effects of the gut microbiota on human health will be an area of interest in neuroscience over the next 10 years. Several authors suggest microorganisms as a new group of drugs named "psychomicrobiotics" for the treatment of psychiatric disorders.[@b72-cpn-13-239] Recent research has suggested that the gut microbiota has an influence on mood. Poor diet is a risk factor for depression; thus, a healthy diet may prevent depression. Regulation of the gut microbiota using diet, probiotics and FMT may have important benefits for preventing and treating depression. The gut-brain axis could aid in understanding and treating neuropsychiatric disorders, especially depression.[@b74-cpn-13-239]
